The generation of haematopoietic stem cells (HSCs) from human pluripotent stem cells (hPSCs) will depend on the accurate recapitulation of embryonic haematopoiesis. In the early embryo, HSCs develop from the haemogenic endothelium (HE) and are specified in a Notch-dependent manner through a process named endothelial-to-haematopoietic transition (EHT). As HE is associated with arteries, it is assumed that it represents a subpopulation of arterial vascular endothelium (VE). Here we demonstrate at a clonal level that hPSC-derived HE and VE represent separate lineages. HE is restricted to the CD34 + CD73 − CD184 − fraction of day 8 embryoid bodies and it undergoes a NOTCH-dependent EHT to generate RUNX1C + cells with multilineage potential. Arterial and venous VE progenitors, in contrast, segregate to the CD34 + CD73 med CD184 + and CD34 + CD73 hi CD184 − fractions, respectively. Together, these findings identify HE as distinct from VE and provide a platform for defining the signalling pathways that regulate their specification to functional HSCs.
Human pluripotent stem cells (hPSCs) represent an unlimited source of therapeutically important haematopoietic cells, including transplantable haematopoietic stem cells for the treatment of haematological disorders. However, despite significant advances in our ability to differentiate hPSCs to diverse haematopoietic cell types [1] [2] [3] [4] , the generation of HSCs in vitro has been challenging. This difficulty in deriving HSCs is due in part to the complex structure of the embryonic haematopoietic system that consists of separate programs that exhibit different potential and are specified at distinct times during development 5 . HSCs are generated from the definitive haematopoietic program that is initiated in different sites within the embryo following the onset of primitive haematopoiesis that develops at an earlier stage and generates a restricted subset of lineages 5 . Studies from different model organisms have shown that HSCs develop from a progenitor population known as haemogenic endothelium (HE) that expresses endothelial markers and is thought to derive directly from the developing arterial vasculature [6] [7] [8] [9] . Kinetic analyses of the haemogenic sites in the early embryo combined with timelapse studies ex vivo have shown that during specification of the haematopoietic fate, HE undergoes an endothelial-to-haematopoietic transition (EHT) to generate blood cell progenitors [6] [7] [8] that subsequently mature to give rise to functional HSCs (ref. 9 ).
The identification of hPSC-derived HE has been challenging owing to the fact that the primitive program also transitions through a HE population that is indistinguishable from definitive HE on the basis of expression of cell surface markers 10 . Given these similarities, it is essential to be able to distinguish the two programs to monitor the development of definitive HE. We have recently shown that primitive and definitive haematopoiesis differ in their requirement for activin/nodal/TGFβ and Wnt/β-catenin signalling at the mesoderm specification stage and that through appropriate manipulation, it is possible to deplete the hPSC-derived populations of the primitive haematopoietic lineages 2, 10 . Dependency on Notch signalling is also a distinguishing feature of these programs, as loss-of-function studies in vertebrate embryos have demonstrated that this pathway is essential for specification of HSCs and definitive progenitors, but dispensable for primitive haematopoiesis [11] [12] [13] [14] .
Here, we have exploited these differences to isolate and characterize hPSC-derived definitive HE. We show that this HE can be distinguished from VE on the basis of cell surface marker Figure 1 Characterization of hPSC-derived definitive HE. (a) Experimental scheme. CD34 + CD43 − cells were isolated from EBs at day 8 of differentiation, reaggregated overnight in serum-free media supplemented with haematopoietic cytokines and then cultured for an additional 6 days on Matrigel-coated plates in the presence of haematopoietic cytokines to promote the EHT. This stage is referred to as the EHT culture, following which the cells were assayed as indicated. (b) Photomicrograph of day 8 CD34 + CD43 − -derived cells following 1 (upper) and 4 days (lower) of EHT culture. Non-adherent (haematopoietic) cells are visible in the day 4 cultures. Scale bars, 100 µm. (c) Representative flow cytometric analysis of the frequency of CD34 + and CD45 + cells in the day 8 CD34 + -derived populations at the indicated days of EHT culture. (d) Visualization of emerging round haematopoietic cells in EHT cultures by confocal imaging. Cells were stained for the endothelial marker CD144 (in green), the haematopoietic marker CD45 (in grey) and the EHT marker cKIT (in red). Scale bar, 5 µm. The dashed line demarcates a cell co-expressing CD144, CD45 and cKIT (white arrow). (e) Gating strategy used to define the different CD34/CD45 fractions in the CD34 + -derived population following 7 days of EHT culture. (f) T-cell potential of the different CD34/CD45 fractions indicated in e measured by the development of CD4 + CD8 + cells within a CD45 + CD56 − gate following culture on OP9-DLL4 stromal cells for 24 days. (g) Haematopoietic colony-forming potential of the different CD34/CD45 fractions indicated in e following 7 days of EHT culture of day 8 CD34 + CD43 − cells. n = 4, independent experiments (mean ± s.e.m.). * * ANOVA P = 0.002. BFU-E: progenitors that generate large segmented erythroid colonies, CFU-E: progenitors that give rise to small erythroid colonies, Myeloid: includes macrophage and mast cell progenitors. (h) qRT-PCR analysis of MYB, RUNX1C, TAL1 and GATA2 expression in the different CD34/CD45 fractions isolated as in e. The day 8 CD34 + CD43 − population before culture is included as a control (ctrl). Cells were derived from H1 hESCs. n = 4, independent experiments (mean ± s.e.m.). * * ANOVA P < 0.0001. Images in b and plots in c are representative of 6 independent experiments, in f of 3 independent experiments. a CD45 51 expression and that it can progress through the EHT in a NOTCHdependent fashion to generate myeloid, erythroid and lymphoid progeny. Together, these findings provide strong evidence that the hPSC-derived definitive HE represents the in vitro equivalent of the HE that in the early embryo gives rise to the HSCs. the capacity to generate T-lymphoid, erythroid and myeloid cells following culture on stromal cells 2,10 . To be able to monitor the EHT of this population, we isolated human embryonic stem cell (hESC)-derived CD34 + cells and cultured them on Matrigel, in the presence of haematopoietic cytokines known to promote and sustain haematopoietic differentiation [15] [16] [17] (EHT culture, Fig. 1a ). Under these CFC frequency per conditions, the cells rapidly formed an adhesive monolayer that underwent the EHT as demonstrated by the emergence of round cells within 3 to 4 days of culture and of a population of CD45 + cells by day 7 (Fig. 1b,c) . Examination of the EHT cultures with timelapse imaging revealed that the adherent cells gradually acquire CD45 expression and then give rise to non-adherent CD45 + haematopoietic cells (Supplementary Video 1). Immunostaining analyses showed that the emerging round cells co-express endothelial (CD144) and haematopoietic (CD45) surface markers as well as cKIT, a marker indicative of the EHT (refs 8,18; Fig. 1d and Supplementary Video 2).
RUNX1C-EGFP

RESULTS
To monitor definitive haematopoiesis in the day 8+7 population, we isolated the different CD34/CD45 fractions and assayed them for their haematopoietic potential and for expression of key genes associated with embryonic haematopoiesis including MYB, RUNX1C, TAL1 and GATA2 ( Fig. 1e-h) . T-lymphoid progenitors were detected only in the two CD34 +(med/lo) CD45 + fractions, whereas myelo/erythroid progenitors were found in all 3 CD45 + fractions ( Fig. 1f,g) . Quantitative real-time PCR (qRT-PCR) analyses showed that expression of MYB, RUNX1C, TAL1 and GATA2 was significantly higher in the 3 CD45 + haematopoietic fractions than in the CD34 hi CD45 − fraction and the input day 8 CD34 + population (Fig. 1h ). The CD34 hi CD45 − -derived fraction showed no haematopoietic potential, suggesting that it consists of only endothelial progenitors. The erythroid colonies generated from CD34 med CD45 + -derived progenitors at the end of EHT culture expressed levels of fetal globin HBG similar to that found in total mononuclear fetal liver cells and significantly higher than the levels in hESC-derived primitive erythroid colonies (Ery P ; Supplementary  Fig. 1 ). As previously reported 2,10 , these HE-derived colonies retain expression of the embryonic globin HBE and show very low levels of the adult globin HBB, a pattern similar to that observed in human fetal liver-derived erythroid colonies 19 . Collectively, these findings suggest that the erythroid colonies generated from the HE represent the onset of definitive haematopoiesis.
T-cell progenitors generated following the EHT express RUNX1C
To provide better resolution of the emerging definitive HE and its EHT, we next differentiated a reporter hESC line in which EGFP expression is driven by the RUNX1C promoter (R1C-GFP, described in Supplementary Fig. 2a -i). In the mouse embryo, the Runx1c isoform is first expressed in the earliest definitive haematopoietic progenitors 20 . RUNX1C-EGFP expression was not detected in the day 8 HE CD34 + population nor in CD34 + populations identified at earlier stages of development ( Supplementary Fig. 3a ). Following the EHT culture, the R1C-GFP-derived CD34 + cells generated the same spectrum of CD34 + CD45 + fractions observed in the H1derived population ( Fig. 2a upper panel) . A distinct RUNX1C-EGFP + CD34 med fraction was also detected at this time ( Fig. 2a lower panel). Kinetic analyses showed that RUNX1C-EGFP + CD34 med cells emerged as early as day 4 of EHT culture and by day 8+5, approximately half of the fraction also co-expressed CD144 and CD45 (Fig. 2b) , a pattern of interest given that HSCs in the E11.5 mouse aorta-gonad-mesoneprhos (AGM) are CD144 + CD45 + . Analyses of the different fractions in the day 8+5 population showed that only the RUNX1C-EGFP + CD34 med cells gave rise to T lymphocytes ( Fig. 2c,d ). These cells also expressed the highest levels of MYB, RUNX1C, TAL1 and GATA2 ( Fig. 2e ). Together, these findings demonstrate that the hESC-derived CD34 + population contains HE that undergoes EHT to generate a CD34 med CD45 + RUNX1C + population that exhibits definitive haematopoietic potential.
To determine whether RUNX1C shows the same definitive restricted expression pattern in the hESC-derived cultures as it does in the mouse embryo 20 , we next analysed R1C-GFP-derived primitive haematopoietic populations. As a first approach we isolated the KDR + CD235a + and KDR + CD235a − fractions from day 3 activin A-induced embryoid bodies (EBs) as we have recently shown that they contain progenitors of the primitive and definitive haematopoietic programs, respectively 10 . The sorted cells were aggregated and cultured for 6 days to generate either primitive or definitive CD34 + CD43 − HE, as described in our previous study 10 . These respective HE populations were isolated and assayed in our EHT culture conditions. Although both HE populations generated CD45 + cells, only the definitive KDR + CD235 − progenitors gave rise to RUNX1C-EGFP + cells (Fig. 2f ). With the second approach, we analysed different staged EBs generated in the presence of the WNT inhibitor IWP2 as we have shown that this manipulation promotes primitive haematopoiesis at the expense of the definitive haematopoietic program 10 . RUNX1C-EGFP expression was not detected in the EB cells at any stage, or in the EHT cultures generated from the day 8 CD34 + CD43 − progenitors (day 8+7; Supplementary Fig. 3b ). Taken together, these findings provide strong evidence that RUNX1C-EGFP expression is restricted to the definitive haematopoietic program in the hPSC differentiation cultures.
NOTCH signalling is essential for the EHT If the emergence of the CD34 + CD45 + RUNX1C + population is reflective of the onset of human definitive haematopoiesis its The CD34 + CD43 − CD73 − CD184 − DLL4 − HE fraction contains cells with multilineage potential. (a) Gating strategy used for the isolation of the DLL4 fractions from the day 8 CD34 . 1a ) reduced NOTCH target gene expression (HES1, HEY1 and HES5; Supplementary Fig. 4a ) and led to a twofold increase in the proportion of CD34 + cells detected at day 8 (Fig. 3a) . Blocking the pathway at this stage did not markedly affect the emergence of the definitive haematopoietic program, as the treated CD34 + population underwent EHT and contained T-cell progenitors (Fig. 3b,c) .
In contrast, treatment of the isolated CD34 + cells with GSI during the EHT culture prevented the formation of the non-adhesive round cells, reduced the size of the CD45 population that developed in the H1-derived cultures, and blocked the emergence of RUNX1C-EGFP + cells in the R1C-GFP-derived cultures (Fig. 3d-f ). Consistent with these observations, GSI treatment at this stage also inhibited the development of myelo/erythroid and T-cell progenitors (Fig. 3g-i) . These findings indicate that the haematopoietic specification of HE during the EHT is NOTCH-dependent.
To examine more precisely the NOTCH-dependent stage, we next added GSI for defined intervals during the EHT culture. As shown in Fig. 3j and Supplementary Fig. 4b the largest reduction in the size of the CD45 + population was observed when GSI was included for the first 3 days of culture, the stage coinciding with onset of EHT ( Fig. 1c ). Collectively, these findings demonstrate that haematopoietic specification of the CD34 + HE population is dependent on NOTCH signalling, indicating that the emerging blood cell lineages represent the definitive program. Furthermore, they show that the NOTCH pathway is essential for the EHT stage of development, but not for the specification of the CD34 + HE.
Enrichment of HE in the CD34 + population
To enrich for HE within the CD34 + population, we next analysed it for expression of CD73 as recent studies showed that this marker distinguishes haemogenic and non-haemogenic progenitors at early stages in hPSC differentiation cultures 19, 21, 22 . We also monitored CD184 expression, which demarcates arterial endothelium in the mouse embryo and in mESC-derived endothelial populations 23, 24 . The expression of these 2 markers resolved the following 3 fractions in the day 8 CD34 + population: CD73 − CD184 − , CD73 med CD184 + and CD73 hi CD184 − (Fig. 4a ). When cultured under EHT conditions, all 3 populations generated an adhesive monolayer consisting of cells with endothelial morphology. However, only the CD73 − CD184 − -derived population underwent EHT and gave rise to CD45 + cells (Fig. 4b) , CD34 + RUNX1C + cells (Fig. 4c ) and myeloid/erythroid ( Fig. 4d) and T-cell progenitors (Fig. 4e ). Limiting-dilution analyses (LDA) revealed a frequency of 1/35 T-cell progenitors in the CD73 − CD184 − population compared with 1/700 in the non-fractionated CD34 + population, indicating a significant enrichment in HE. As observed with the unfractionated CD34 + population, the transition of the CD73 − CD184 − cells to a haematopoietic fate seems to be a NOTCHdependent event, as addition of GSI during the EHT culture strongly reduced the development of the myeloid and erythroid progenitors (Fig. 4d) .
Kinetic analyses revealed that a small CD34 + CD184 + population was detectable as early as day 4 of differentiation ( Supplementary  Fig. 5a , left panels). All 3 fractions were present by day 6 ( Supplementary Fig. 5a, right panels) , the earliest stage at which we were previously able to measure T-cell progenitors 2 . As observed with the day 8 population, the EHT potential and lymphoid and erythroid/myeloid progenitors were detected only in the CD73 − CD184 − fraction at day 6 ( Supplementary Fig. 5b-d) . Generation of the erythroid/myeloid progenitors from the day 6 HE was also dependent on NOTCH signalling as their development was inhibited by the addition of GSI during the EHT culture ( Supplementary Fig. 5d ).
The day 8 CD34 + population isolated from EBs generated from the R1C-GFP cell line also contained the same 3 CD184 and CD73 factions. As with the H1 hESC-derived fractions, HE as measured by EHT, as well as lymphoid and myeloid/erythroid potential segregated to the R1C-GFP-derived CD73 − CD184 − fraction ( Supplementary  Fig. 5e-g) . Taken together, these findings demonstrate that day 8 CD34 + definitive HE can be distinguished from VE on the basis of expression of CD73 and CD184.
Murine HE cells lack expression of CD184 and CD73 in vivo
To determine whether HE in vivo exhibits a CD184 − CD73 − phenotype, we next analysed the Runx1 + CD31 + population in the AGM and yolk sac (YS), of E8.5, E9.5 and E10.5 Runx1-GFP mouse embryos for expression of these markers. Co-expression of Runx1 and CD31 marks HE in both tissues at these stages 25 . Neither the AGMnor YS-derived HE cells expressed CD184 or CD73 ( Supplementary  Fig. 6a-d) , indicating that HE in vivo can also be characterized as a CD184 − CD73 − progenitor.
CD184 and CD73 expression distinguishes HE from arterial and venous VE
qRT-PCR analyses showed that the hESC-derived CD34 + CD43 − CD73 − CD184 − fraction expressed the highest levels of early haematopoietic genes including RUNX1C, MYB and TAL1, whereas arterial endothelial genes, such as EPHRINB2 and DLL4 (ref. 26) , were detected at the highest levels in the CD73 med CD184 + fraction (Fig. 4f ). Conversely, expression of NR2F2, the master regulator of venous endothelium development 27 , was highest in the CD73 hi CD184 − fraction (Fig. 4f ). These patterns suggest that the expression of CD184 and CD73 can be used to separate the CD34 + VE population into distinct fractions with arterial and venous potential.
To confirm that the CD73 med CD184 + and CD73 hi CD184 − populations represent distinct endothelial cell types, we transplanted them subcutaneously in a Matrigel plug into immunocompromised NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ (NSG) mice. Four weeks following transplantation, hESC-derived vascular structures comprised of human CD31 + cells were detected in the grafts from both populations (Fig. 5a,b) . The vessels generated from the CD73 med CD184 + cells were considerably larger than those derived from the CD73 hi CD184 − cells. They also had larger numbers of α-SMA + cells associated with them, probably reflecting the recruitment of vascular smooth muscle cells (Fig. 5a,b) . The CD31 + cells in these grafts did not express the venous endothelial marker ephrin receptor B4 (EPHB4; Fig. 5c ). These characteristics suggest that the CD73 med CD184 +derived structures represent arterial vessels. The smaller vessels derived from the CD73 hi CD184 − cells expressed EPHB4 indicative of developing venous vasculature (Fig. 5d ). Autofluorescent erythrocytes were detected in the lumen of both types of vessel, demonstrating integration into the vasculature network of the host (Fig. 5e,f) . Studies in different model organisms have shown that Notch and mitogen-activated protein kinase (MAPK) signalling promote the arterial fate whereas signalling through the phosphoinositide 3-kinase (PI(3)K) pathway supports venous development 27, 28 . To determine whether these pathways regulate development of the CD73 med CD184 + and CD73 hi CD184 − populations, we used a HES2 hESC line containing a tamoxifen (4-OHT)-responsive NOTCH1 intracellular domain (Hes2-ICN1-ER tm ) to activate the NOTCH pathway and the small molecules LY294002 and PD0325901 to inhibit the PI(3)K and MEK/ERK pathways respectively. Induction of NOTCH or inhibition of PI(3)K between days 3 and 8 of differentiation led to a significant increase in the size of the CD73 med CD184 + arterial population (Fig. 5g ). The reverse pattern was observed following the inhibition of NOTCH with GSI or MEK/ERK with PD0325901, as addition of these molecules led to an increase in the size of the CD73 hi CD184 − venous population. Collectively these observations indicate that hPSC-derived CD73 med CD184 + arterial and CD73 hi CD184 − venous fates are regulated by the same pathways that regulate these fates in the embryo.
In addition to decreasing the size of the arterial fraction, NOTCH inhibition also led to a reduction in the size of the CD73 − CD184 − fraction (Fig. 5g ). Although our studies above showed that addition of GSI between days 3 and 8 did not completely block haematopoietic development (Fig. 3b,c) , it is possible that this manipulation of NOTCH signalling during this stage led to some reduction of haematopoietic potential. LDA analysis of T-cell progenitors revealed that inhibition of NOTCH signalling between days 3 and 8 of differentiation did not significantly affect T-cell progenitor frequency within the CD34 + CD73 − CD184 − fraction. Although NOTCH inhibition reduced the size of the CD34 + CD73 − CD184 − fraction, it also increased the size of the CD34 population. As a consequence, the percentage of CD34 + CD73 − CD184 − cells and T-cell progenitors generated in the total EB population did not differ between GSI-treated and control cultures (Fig. 5h,i) . Activation of NOTCH signalling in Hes2-ICN1-ER tm -derived cells by 4-OHT treatment between days 3 and 8 of differentiation did not alter the size of the total CD34 population, the size of the CD34 + CD73 − CD184 − fraction or the frequency of T-cell progenitors within the CD34 + CD73 − CD184 − fraction compared to the control. These findings confirm that manipulation of the NOTCH pathway between days 3 and 8 of differentiation does not significantly impact the generation of the HE lineage.
HE cells lack expression of the endothelial progenitor marker DLL4
To further characterize the progenitor potential of the CD73 − CD184 − fraction, we carried out a clonal analysis under EHT culture conditions. Out of 384 cells analysed, 83 generated progeny ( Fig. 6a ) and, of these, 10 (3% of starting) exhibited HE potential and underwent the EHT to generate round CD45 + haematopoietic cells (Fig. 6b ). The remaining 73 (20%) gave rise to adhesive CD144 + endothelial cells (Fig. 6c ). Haematopoietic and endothelial cells were never detected in the same clone. Wells containing both cell types were, however, observed when larger numbers (10) of CD73 − CD184 − cells were plated (Fig. 6d) , confirming that the conditions support the development of both lineages together. Single CD73 med CD184 + and CD73 hi CD184 − cells gave rise to only CD144 + endothelial progeny, at cloning frequencies of 20-25%. Together, these findings demonstrate that the CD73 − CD184 − fraction contains both HE and VE progenitors further indicating that they represent distinct lineages. Furthermore, they show that HE is haematopoietic restricted, as these progenitors did not give rise to endothelial progeny.
We next sought to determine the heterogeneity in the CD73 med CD184 + , CD73 hi CD184 − and CD73 − CD184 − populations by analysing the expression of MYB (haemogenic), EFNB2 (arterial) and NR2F2 (venous) at the single-cell level. These analyses revealed that 71% of the CD73 med CD184 + cells expressed only the arterial marker EFNB2 whereas 75% of the CD73 hi CD184 − cells expressed the venous marker NR2F2, indicating little contamination between the cell types ( Fig. 6e) . A subpopulation (21%) of the CD73 hi CD184 − cells (5 out 18 cells) co-expressed the arterial and venous marker, a pattern that has been observed during the formation of the main vessels in the mouse embryo 29 . As expected, the CD73 − CD184 − population contained MYB-expressing HE (15%, 6 out 40) as well as vascular progenitors as demonstrated by the presence of cells that express either NR2F2 or EFNB2 (in both cases 10%, 4 out of 40 cells).
To enrich for HE, we next analysed the CD34 + CD73 − CD184 − fraction for expression of the NOTCH ligand DLL4 that is found on VE progenitors early in development 30 . As shown in Fig. 7a , both DLL4 − and DLL4 + cells were detected. The percentage of DLL4 + cells within the DLL4 + fraction varied between experiments and ranged from 28% to 79%, (51% ± 7, mean ± s.e.m., n = 6, independent). Gene expression analysis showed that RUNX1C, MYB and GATA2 were expressed at significantly higher levels in the DLL4 − than in the DLL4 + cells (Fig. 7b ). Clonal analysis revealed that the DLL4 − subfraction was enriched for HE as 70% of the cells that formed a clone in the EHT assay (176 out of 480) generated only haematopoietic cells (Fig. 7c) . The remaining 30% gave rise to only endothelial progeny. LDA analyses revealed a T-cell progenitor frequency of 1/11 (ranging from 1/1 to 1/30, n = 4, independent) in the DLL4 − fraction. The DLL4 + fraction, in contrast, was enriched in vascular potential, as 89% of the cells that formed a clone (111 out of 480) were endothelial restricted, whereas only 11% showed haematopoietic potential. T-cell potential was detected only when 1,000, or more, cells were plated. Together, these findings show that the CD34 + CD73 − CD184 − DLL4 − fraction is highly enriched for HE and provide additional evidence that HE and VE progenitors represent distinct cell types that can be separated on the basis of the expression of DLL4.
generates multipotent haematopoietic progenitors
To determine whether the T-lymphoid, myeloid and erythroid lineages that develop from the HE derive from the same progenitor, single CD73 − CD184 − DLL4 − cells were sorted directly onto OP9-DLL4 stroma and cultured for 7 days to promote EHT and haematopoietic expansion. The developing clones were collected and cells from each were plated both into methylcellulose to measure erythroid/myeloid progenitors and onto fresh OP9-DLL4 stromal cells to monitor Tlymphoid potential (Fig. 7d ). Out of a total of 252 cells analysed, 68 exhibited haematopoietic potential and of these 5 gave rise to lymphoid, myeloid and erythroid progeny. Eight cells showed lymphoid/myeloid potential, whereas the remainder differentiated to either lymphoid or myeloid and/or erythroid progeny (Fig. 7e,f) . These findings demonstrate that a subset of CD34 + CD73 − CD184 − DLL4 − HE cells are able to give rise to multiple blood cell lineages, probably through the generation of a multipotent haematopoietic progenitor during the EHT process.
DISCUSSION
Although the close association of HE with the arterial vasculature in the developing embryo supports the hypothesis that these progenitors derive from the arterial endothelium 5, 31, 32 , direct evidence establishing a progenitor-progeny relationship between the two populations is lacking. The findings in this study, demonstrating that arterial VE and definitive HE can be separated on the basis of CD184 and CD73 expression and that clones derived from the CD184 − CD73 − DLL4 − fraction contain either haematopoietic or endothelial cells, provide strong evidence that these populations represent distinct lineages. These observations are consistent with those from a recent study showing that prospective HE cells isolated from murine AGM give rise to only haematopoietic or endothelial lineage, but never to both 33 . The finding in both studies that the haematopoietic clones do not contain endothelial cells strongly suggests that HE cells are haematopoieticrestricted progenitors.
Our demonstration that the EHT of the CD34 + HE is NOTCHdependent provides strong evidence that the derivative haematopoietic lineages represent the definitive program, as studies in other models have shown that definitive, but not primitive haematopoiesis requires Notch signalling 34 . Although this requirement for Notch signalling for definitive haematopoiesis is well established, it has remained unclear whether the block in this program was due to an absence of HE or to its inability to undergo EHT. By manipulating the pathway at specific stages, we show for the first time that NOTCH signalling is not essential for generation of the CD34 + HE but rather seems to be required for the cells to progress through the EHT. A role for Notch signalling at the EHT stage is supported by recent findings in the zebrafish that showed a cell-autonomous requirement for this pathway for the generation of HSC progenitors just before their emergence from the aortic floor 35 .
With the high frequency of HE in the CD73 − CD184 − DLL4 − fraction, we were able to demonstrate that a subpopulation of these progenitors are able to generate lymphoid, erythroid and myeloid progeny. Our interpretation of these findings is that following the EHT, these HE cells generate a multipotent haematopoietic progenitor that may represent the equivalent of the HSC precursor identified in the mouse embryo 36 . The identification of this multipotent progenitor, in particular its erythroid potential, rules out the possibility that our Tcell assays are detecting only the equivalent of the immune-restricted progenitors found during mouse embryonic development before the emergence of the HSCs (refs 37,38) .
In summary, the findings from our study support a model (Fig. 7g ) in which HE is characterized as a CD184 − CD73 − DLL4 − haematopoietic-restricted progenitor that is specified as a lineage distinct from the VE at the mesoderm stage of development. Following a NOTCH-dependent EHT, we propose that the HE gives rise to CD45 + multipotent progenitors that represent the HSC precursor stage of haematopoietic development. The hPSC-derived HE and the multipotent haematopoietic progenitors provide target populations for further investigating the pathways that regulate the generation of HSCs in vitro.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary Information is available in the online version of the paper Generation of targeted hESCs. The ICN1ER-IRES-Puro donor vector comprised the intracellular domain of NOTCH1 fused to a modified oestrogen receptor binding domain (ICN1-ER) flanked by two incompatible loxP sites, wild-type loxP and loxP2272, along with an internal ribosome entry site (IRES) and puromycin resistance gene (Puro). The R26.RFP hESC line 39 , containing the RFP (red fluorescent protein) reporter flanked with the aforementioned loxP sites targeted to the human ROSA26 locus, was electroporated with a Cre expression vector along with the ICN1ER-IRES-Puro donor vector. Successfully targeted Hes2-NICD-ER tm cells, in which the ICN1-ER cDNA replaced the RFP coding sequences by means of recombination-mediated cassette exchange, were selected by puromycin treatment (1 µg ml −1 , Sigma).
The generation and characterization of the HES3-RUNX1C GFP/w -EGFP reporter hESC line (R1C-GFP) is summarized in Supplementary Fig. 2 and will be described more fully elsewhere. Briefly, as shown in Supplementary Fig. 2a , RUNX1C targeting vectors comprised a 5 homology arm, sequences encoding GFP, a loxP flanked antibiotic resistance cassette with a PGK promoter driving either neomycin phosphotransferase (PGKneo) or hygromycin resistance (PGKhygro) genes and a 3 homology arm. The homology arms were amplified by polymerase chain reaction (PCR) from HES3 (ref. 40) genomic DNA. The GFP sequences were cloned in frame with the start codon of RUNX1C in exon 1, downstream of the distal promoter. Linearized vectors were electroporated into wild-type HES3 cells and targeted clones were identified by PCR screening. Correct targeting of the RUNX1C locus was verified by sequencing PCR-generated fragments encompassing the entire 5 and 3 homology regions. RUNX1C GFP/w clones were expanded and the loxP flanked antibiotic resistance cassettes were excised by transient transfection with a Cre-recombinase plasmid, pEFBOS-Cre-IRESPuro, as described previously 41 . Single cell sorted subclones were screened by PCR for the removal of the PGKNeo or PGKHyg selection cassettes. Targeted lines expressed surface markers of undifferentiated hESCs ( Supplementary Fig. 2b) , retained a normal karyotype ( Supplementary Fig. 2c ) and formed teratomas ( Supplementary Fig. 2e -i) following injection of undifferentiated RUNX1C GFP/w hESCs under the kidney capsule of NOD/SCID/IL2Rγ −/− mice as described below. The fidelity of the reporter was confirmed by demonstrating that expression of the RUNX1C isoform co-segregated with GFP expression.
Teratoma assay. Eight-to ten-week-old male or female NSG mice were anaesthetized and injected under the kidney capsule with 1 × 10 6 undifferentiated RUNX1C GFP/w hESCs. Mice received postoperative analgesia to alleviate discomfort. Mice were euthanized humanely after 6 weeks or earlier if palpable tumours causing distress were present. Three mice were injected, all of which developed teratomas. Tumours were fixed in paraformaldehyde-containing solution, embedded in paraffin and sections stained with haematoxylin and eosin. This work was performed under the auspices of the Monash University animal ethics committee (approval number SOBSA-MIS-2009-107). No statistical method was used to predetermine sample size. The experiments were not randomized. The investigators were not blinded to allocation during experiments and outcome assessment.
Flow cytometry and cell sorting. The following antibodies were used for these studies: CD34-APC (clone 8G12, 1:100), CD34-PE-CY7 (clone 4H11, 1:100), CD43-PE or FITC (clone 1G10, 1:30 and 1:10 respectively), CD4-PE-Cy7 (clone RPA-T4, 1:100), CD8-PE (clone RPA-T8, 1:30), CD45-APC-Cy7 or eFluor450 (clone 2D1, 1:50), CD56-APC (clone B159, 1:30), CD144-PE (clone 123413, 1:50), CD184-Brilliant Violet 421 (clone 12G5, 2:100), CD73-APC (clone AD2, 1:400), KDR (clone 89106, 1:7) and CD235a-APC (clone HIR2, 1:50). Most antibodies were purchased from BD Biosciences. The exceptions are CD34-PE-CY7 and CD144-PE, which were purchased from eBioscience, CD184-Brilliant Violet 421 purchased from Biolegend and KDR purchased from R&D systems. Cells were sorted with a FACSAria II (BD) cell sorter at the Sick Kids/UHN Flow Cytometry Facility.
Endothelial-to-haematopoietic transition assay. Candidate cells (total
were aggregated overnight at a density of 2 × 10 5 ml −1 in supplemented StemPro-34 media, containing TPO (30 ng ml −1 ), IL-3 (30 ng ml −1 ), SCF (100 ng ml −1 ), IL-6 (10 ng ml −1 ), IL-11 (5 ng ml −1 ), IGF-1 (25 ng ml −1 ), EPO (2 U ml −1 ), VEGF (5 ng ml −1 ), bFGF (5 ng ml −1 ), BMP4 (10 ng ml −1 ), Flt-3L (10 ng ml −1 ), SHH (20 ng ml −1 ), angiotensin II (10 µg l −1 ) and the chemical AGTR1 (angiotensin II receptor type I) blocker losartan potassium (100 µM). All recombinant factors are human and most were purchased from R&D Systems. The exceptions are angiotensin II, which was purchased from Sigma, and EPO, which was purchased from Janssen-Cilag. Aggregates were then transferred onto thin-layer Matrigel-coated plasticware where they were cultured for an additional 4 to 6 days in the same media. Cultures were maintained in a 5% CO 2 /5% O 2 /90% N 2 environment. Cells were visualized using a Leica Imaging System.
OP9-DLL4 co-culture for T lineage differentiation. OP9 cells expressing Delta-
like 4 (OP9-DLL4) were generated and described previously 2 . Candidate cells (0.5-20 × 10 4 ) were added to individual wells of a 6-well plate containing OP9-DLL4 cells, and cultured in α-MEM supplemented with penicillin/streptomycin and 20% FBS, rhFlt-3L (5 ng ml −1 ) and rhIL-7 (5 ng ml −1 ). rhSCF (30 ng ml −1 ) was added to the cultures for the first 5 days. Every five days co-cultures were transferred onto fresh OP9-DLL4 cells by vigorous pipetting and passaging through a 40 µm cell strainer. Cells were analysed by flow cytometry on the days indicated. Populations scored as positive yielded greater than 100 gated CD45 + events.
Haematopoietic colony assay. Analysis of haematopoietic colony potential was performed by plating 0.1 × 10 4 − 1 × 10 4 cells in 1% methylcellulose containing specific cytokines as described in detail previously 2 . Colonies consisting of erythroid, erythroid/myeloid and myeloid (either macrophage or mast cell) cells were quantified after 14 days.
Multilineage clonal assay. Single CD34 + CD73 − CD184 − DLL4 − cells were sorted directly into individual wells of a 96-well plate containing OP9-DLL4 cells, and cultured in α-MEM supplemented with penicillin/streptomycin and 20% FBS, rhTPO (30 ng ml −1 ), rhIL-11 (5 ng ml −1 ), rhFlt-3L (10 ng ml −1 ), rhSCF (50 ng ml −1 ), rhBMP4 (10 ng ml −1 ) and rhIL-7 (5 ng ml −1 ) for 7 days. At this stage, individual wells were trypsinized and half the cells transferred onto fresh OP9-DLL4 stroma for an additional 21 days to measure T-cell potential as described above, and the remaining half seeded into methylcellulose (as above: Haematopoietic colony assay) to evaluate erythro-myeloid potential.
Time-lapse and confocal microscopic imaging. Microscopic observations were
obtained by using an Olympus Fluoview FV1000 confocal laser scanning microscope (Olympus America), with a PlanApo ×60 oil immersion lens, numerical aperture 1.4. CD45-FITC was excited with a 473 nm diode laser (15 mW), with an emission setting of 520 nm. The cKit PE was excited with a 559 nm diode laser (18 mW) with an emission setting of 567 nm. CD144 AlexaFluor647 was excited with a 635 nm laser (20 mW) with an emission setting of 668 nm. The Imaris software (Bitplane AG) was used for the 3D rendering. For the time-lapse experiments, cells were evaluated in a PECON environment chamber (PeCon GmbH) that maintains a temperature of 37 • C and a CO 2 concentration of 5%. Time-lapse images were taken every 10 min during a period up to 24 h. Zeiss Apotome microscope (Zeiss Canada) and ZEN software suite (Carl Zeiss, version 2012) were used for the image acquisition. CD45-APC was excited with a Mercury light. The excitation setting was 592-650 nm. The emission setting was 665-735 nm. A transmitted light image was made at the same time as the fluorescent image. The cultures were imaged with a ×20 Plan-Apochromat lens, N.A. 0.8.
Quantitative real-time PCR.
Total RNA was prepared with the RNAqueous RNA Isolation Kit (Ambion) and treated with RNase-free DNase (Qiagen). RNA (100 ng to 1 µg) was transcribed into cDNA using random hexamers and Oligo (dT) with Superscript III Reverse Transcriptase (Invitrogen). Real-time quantitative PCR was performed on a MasterCycler EP RealPlex (Eppendorf). All experiments were carried out in triplicate QuantiFast SYBR Green PCR Kit (Qiagen). The oligonucleotide sequences are available on request. Gene expression was evaluated as DeltaCt relative to control (TBP).
Thermo-Fast 96 PCR Plate Non-Skirted 96-well PCR plates (Thermo Scientific) were used for the collection of single cells. Single cells were collected directly into 5 µl lysis solution consisting of 5× VILO Reaction Mix (Invitrogen); 0.5% NP40 (Thermo Scientific); 0.4 units µl −1 RNaseOut (Invitrogen). Lysed cells were frozen on dry ice. To synthesize cDNA, the thawed plate of lysed cells was incubated for 90 s at 65 • C. Following this step, 1 µl of a mix containing 10× SuperMIX VILO (Invitrogen) and 1.2 µg of T4 Gene 32 Protein (NEB) was added to each well. The plate was subjected to the following thermal protocol: 25 • C, 5 min; 42 • C, 30 min; 85 • C, 5 min; 4 • C, hold. At this point, the preamplification was performed as previously described 42 , followed by the aforementioned qRT-PCR. For the single-cell analyses, ACTB was analysed as a control .
In vivo analyses of vascular progenitors. Between 0.2 and 0.5 × 10 6 CD34 + CD43 − CD73 med CD184 + CD34 + CD43 − CD73 hi CD184 − cells were mixed with 40 µl of Matrigel and subcutaneously injected into the mammary fat pad of 12-week-old female NSG mice. Four weeks later, mice were euthanized, the Matrigel plug dissected out and processed for paraffin sectioning. For immunostaining, the resulting sections were washed twice with PBS and then blocked with 10% donkey serum in PBS/BSA 2% for 30-45 min. Following these steps, the sections were incubated overnight at 4 • C with the primary antibody. Human cells were detected by human-specific CD31 staining (rabbit, clone no. 9G11, R&D System, 1:50).
Smooth muscle cells were analysed following staining with smooth muscle α-actin (goat, clone E184, Abcam, 1:1,000). Ephrin receptor B4 expression was analysed with a goat anti-EPHB4 antibody (goat, R&D System, 1:10). Incubation with these primary antibodies was performed overnight at 4 • C on sections previously blocked with 10% donkey serum in PBS/BSA 2% for 30-45 min. After staining, the cells were washed three times in PBS and incubated with a donkey anti-rabbit AlexaFluor 488 (1:800, Invitrogen, for hCD31) and a donkey anti-goat Cy3 (1:400, Jackson ImmunoResearch, for SMA or EPHB4) for 1 h at room temperature. The cells were washed again (three times in PBS) and the nuclei were stained with DAPI diluted in PBS for 5 min at room temperature. The stained cells were visualized using an EVOS FL Cell Imaging System (Life Technologies). All experiments with animals were performed according to the University Health Network Animal Resource Center's guidelines. No statistical method was used to predetermine sample size. The experiments were not randomized. The investigators were not blinded to allocation during experiments and outcome assessment.
Embryo generation and cell preparation and analysis. Timed matings of
Runx1 GFP mice (Runx1 tm4Dow ) 43 were performed to generate embryos, with vaginal plug considered as embryonic day (E) 0.5. Embryos with 32-40 somite pairs were staged as E10.5. AGM and YS were disaggregated with collagenase, as previously described 44 Figure 5 Expression of CD73 and CD184 distinguishes HE and VE CD34 + CD43cells derived from different hPSC lines. a, Kinetic analysis of the expression of CD184 and CD73 in day 4 and day 6 H1derived CD34 + CD43cells and gating strategy used for the isolation of the CD184 + and CD73 + fractions from the day 6 CD34 + CD43population. b, Flow cytometric analyses of the frequency of CD34 + and CD45 + cells in populations generated after 7 days of EHT culture from the 3 H1-derived CD184/CD73 fractions isolated at day 6. c, T cell potential of the different H1-derived CD184/CD73 fractions measured by the development of CD4 + and CD8 + cells following culture on OP9-DLL4 stromal cells for 24 days. d, Haematopoietic colony-forming potential of CD184/CD73-derived populations following 7 days of EHT culture. The CD73 -CD184 --derived population was treated with GSI during the EHT culture to evaluate NOTCHdependency. n = 3, independent. (Mean ± SEM). ** ANOVA p < 0.01. e, Flow cytometric analyses of the frequency of CD34 + and CD45 + cells in populations generated from the 3 day 8 R1C-GFP-derived CD184/CD73 fractions following 7 days of EHT culture. f, T cell potential of the different R1C-GFP-derived CD184/CD73 fractions measured by the development of CD4 + and CD8 + cells following culture on OP9-DLL4 stromal cells for 24 days. g, Haematopoietic colony-forming potential of CD184/CD73-derived populations following 7 days of EHT culture. The CD73 -CD184 --derived population was treated with GSI during the EHT culture to evaluate NOTCHdependency. n = 3, independent. (Mean ± SEM). ** ANOVA p < 0.01. All images are representatives of three independent experiments. populations isolated from Runx1-GFP mouse embryos. The proportion of CD184 + and CD73 + cells was measured in the indicated CD31/Runx1-GFP fractions gated to exclude Ter119 + CD41 + CD45 + cells (central panels). E10.5 embryos, n=2; E8.5 and E9.5 embryos, n=1.
